Abstract: Palm trees are very fast-growing species. Their management produces annually a large amount of biomass that traditionally has been either disposed of at dumping sites or has been burnt onsite. This paper presents an experimental study to obtain particleboard using this biomass in a low energy process (short pressing time and low pressing temperature), using particles of different sizes from the rachis (midrib) of the three palm species most representative of urban gardening in Spain: canary palm (Phoenix canariensis hort. ex Chabaud), date palm (Phoenix dactylifera L.) and washingtonia palm (Washingtonia robusta H. Wendl). Their physical and mechanical properties were tested, and the feasibility of their use as a construction material was evaluated. The results showed that the manufactured particleboard had similar performance to conventional wood particleboard and good thermal insulation properties. Boards made with the canary species showed better mechanical performance. The properties of the particleboard depended on the particle size and species. The use of the pruning waste of palm trees to produce durable materials such as particleboard could be beneficial to the environment since it is a method of carbon fixation, helping to decrease atmospheric pollution and reducing the amount of waste that ends in dumping sites.
Introduction
Climate change is a real long-term problem that requires a multidisciplinary global approach. One of the proposed strategies for responding to this issue is mitigation, understood as actions to limit the emission of greenhouse gases by capturing and storing atmospheric carbon dioxide (CO 2 ) in sinks such as forests [1] . The appropriate management of carbon sinks is needed in order to conserve and expand their size in a socio-economically sustainable manner. One manner of storing carbon is by transforming the biomass produced within forests into wood-based products. A few studies have been performed to assess the carbon flux through the life cycle of wood panels: Wang et al. [2] conducted a study to assess the contribution of the wood-based panels to CO 2 emissions and removal in different panels in China. They estimated the CO 2 emissions through panel production and the CO 2 stored during their useful lives, concluding that the wood-based industry can potentially contribute to climate change mitigation. Rivela et al. [3] studied the life cycle of particleboard and created a database to identify and characterize the manufacture of particleboard. They reported that environmental, 
Materials and Methods
The raw material used was the rachis of the fronds of three different palm species-date, canary, and washingtonia palm-that were kindly supplied by the municipality of the San Anton palm grove in Orihuela, Alicante (Spain). These rachises were obtained by trimming the leaflets from the fronds. They had an initial moisture content of 73% and were air dried for 8 months to an approximate moisture content of 8%. Particles were obtained using a laboratory-scale ring-knife chipper, after which they were sieved using a horizontal screen shaker with sieves of 8, 4, 2, 1 and 0.25 mm to remove oversize and undersize (dust) particles. A combination of the fractions retained on each sieve was used for the panel manufacture: 0.25 to 1 mm, 1 to 2 mm and 2 to 4 mm.
The particleboard manufacturing method applied was the conventional dry process used in the industry. Particles were mixed by injection with 8% UF with a 65% solid content in a resin blender for 5 min. The mixture was placed into iron molds measuring 600 × 400 mm to form the mat. The amount of material used was variable since the thickness of the panels was fixed to 10 mm. Mats were then pressed in a hot plate press under 2.6 MPa of pressure for 5 min at 130 °C. A total of 9 types of particleboard ( Figure 2) were made using three different particle sizes from the 3 different palm species studied. Five replicate panels were made for each type; therefore, a total of 45 particleboards were produced. 
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The particleboard manufacturing method applied was the conventional dry process used in the industry. Particles were mixed by injection with 8% UF with a 65% solid content in a resin blender for 5 min. The mixture was placed into iron molds measuring 600 × 400 mm to form the mat. The amount of material used was variable since the thickness of the panels was fixed to 10 mm. Mats were then pressed in a hot plate press under 2.6 MPa of pressure for 5 min at 130 °C. A total of 9 types of particleboard ( Figure 2) were made using three different particle sizes from the 3 different palm species studied. Five replicate panels were made for each type; therefore, a total of 45 particleboards were produced. After pressing, the particleboards were conditioned at 20 • C and 65% relative humidity for one week in a vertical position. The finished particleboards were trimmed to avoid edge effects to a final size of 600 mm × 400 mm × 10 mm, and then cut into various sizes for property evaluation according to EN 326-1:1994 [40] (Figure 3 ).
Forests 2019, 10 FOR PEER REVIEW 4 After pressing, the particleboards were conditioned at 20 °C and 65% relative humidity for one week in a vertical position. The finished particleboards were trimmed to avoid edge effects to a final size of 600 mm × 400 mm × 10 mm, and then cut into various sizes for property evaluation according to EN 326-1:1994 [40] (Figure 3 ). Some physical properties were determined in accordance with appropriate EN standards for wood products: density [41] , water absorption (WA), thickness swelling (TS) after 2 and 24 h of water immersion [42] and the thermal conductivity was measured following the heat flow meter method [43] . The mechanical properties determined were the modulus of rupture (MOR) and modulus of elasticity (MOE) [44] , and internal bond strength (IB) [45] . Each panel was cut to obtain six density samples (50 mm × 50 mm), three WA/TS samples (50 mm × 50 mm), six MOR/MOE samples (different lengths, depending on the thickness, ×50 mm width), and three IB samples (50 mm × 50 mm). Table  1 shows the relation between the samples and the properties tested. The tests for the mechanical properties, WA, TS, and density were conducted on an Imal universal testing machine (Model IB600, Modena, Italy). Samples of 300 × 300 mm were used to test the thermal conductivity using a heat flow meter (Model HFM 436/3/0, NETZSCH Gerätebau GmbH, Selb, Germany). Particleboards were classified in accordance with the European standard [46] considering the requirements for wood particleboard with a thickness range of 6-13 mm.
The results were analyzed using the IBM SPSS v.24.0 software (Amonk, NY, USA). Average values and the standard deviation of the properties of the panels were obtained to determine the variability. One-way analysis of variance was conducted to identify the influence between the manufactured process (material and particle size) and the properties of the particleboard.
Results

Physical Properties
The experimental particleboard can be considered to be of medium density ( Some physical properties were determined in accordance with appropriate EN standards for wood products: density [41] , water absorption (WA), thickness swelling (TS) after 2 and 24 h of water immersion [42] and the thermal conductivity was measured following the heat flow meter method [43] . The mechanical properties determined were the modulus of rupture (MOR) and modulus of elasticity (MOE) [44] , and internal bond strength (IB) [45] . Each panel was cut to obtain six density samples (50 mm × 50 mm), three WA/TS samples (50 mm × 50 mm), six MOR/MOE samples (different lengths, depending on the thickness, ×50 mm width), and three IB samples (50 mm × 50 mm). Table 1 shows the relation between the samples and the properties tested. The tests for the mechanical properties, WA, TS, and density were conducted on an Imal universal testing machine (Model IB600, Modena, Italy). Samples of 300 × 300 mm were used to test the thermal conductivity using a heat flow meter (Model HFM 436/3/0, NETZSCH Gerätebau GmbH, Selb, Germany). Particleboards were classified in accordance with the European standard [46] considering the requirements for wood particleboard with a thickness range of 6-13 mm.
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The experimental particleboard can be considered to be of medium density ( Table 2 with date palm rachis. The boards with the highest density were achieved with the smallest particle size (0.25-1 mm) for the three species. There was no significant deviation in the thickness of the panels since this was a fixed variable of the manufacturing process. The TS average values after 2 h of water immersion ranged from 19.99 to 37.83%; after 24 h they ranged from 31.96 to 49.74% (Figure 4 ). The date palm particleboard showed the lowest TS results, while the canary palm particleboards showed the highest TS results. As can be observed in Figure 4a , the TS value did not depend on the particle size. The TS average values after 2 h of water immersion ranged from 19.99 to 37.83%; after 24 h they ranged from 31.96 to 49.74% (Figure 4 ). The date palm particleboard showed the lowest TS results, while the canary palm particleboards showed the highest TS results. As can be observed in Figure 4a , the TS value did not depend on the particle size. The average WA results after 2 h of water immersion ranged from 47.48 to 72.14%, and after 24 h from 61.26 to 85.91% ( Figure 5 
Mechanical Properties
Canary palm particleboards had an average MOR performance of 13.97, 19.85, and 12.68 N/mm 2 from the smaller to bigger particle size respectively The MOR achieved by the washingtonia palm particleboards was 16.95, 12.40, and 7.38 N/mm 2 . The date palm boards had the lowest MOR values with 13.51, 10.76, and 7.85 N/mm 2 ( Table 3 ). The highest MOR value was obtained with canary palm, with 1-2 mm of particle size. The MOE showed the same tendency as the MOR, and was higher for the canary palm boards and lower for the date palm panels. The IB values ranged from 0.72 to 0.99 N/mm 2 , with the canary palm boards having the lowest values. 
Canary palm particleboards had an average MOR performance of 13.97, 19.85, and 12.68 N/mm 2 from the smaller to bigger particle size respectively The MOR achieved by the washingtonia palm particleboards was 16.95, 12.40, and 7.38 N/mm 2 . The date palm boards had the lowest MOR values with 13.51, 10.76, and 7.85 N/mm 2 ( Table 3 ). The highest MOR value was obtained with canary palm, with 1-2 mm of particle size. The MOE showed the same tendency as the MOR, and was higher for the canary palm boards and lower for the date palm panels. The IB values ranged from 0.72 to 0.99 N/mm 2 , with the canary palm boards having the lowest values. European standards classify wood particleboard according to its physical and mechanical properties [46] , starting with the P1 grade for general indoor uses, to the P7 grade for structural uses.
All three types of particleboard made of canary palm particles exceeded the requirements for grade P1 or higher ( Figure 6 ). Panels made with washingtonia and date palm with particle sizes of 0.25-1 and 1-2 mm could be classified as grade P1. Boards made with canary palm with a particle size Forests 2019, 10 FOR PEER REVIEW 7 European standards classify wood particleboard according to its physical and mechanical properties [46] , starting with the P1 grade for general indoor uses, to the P7 grade for structural uses.
All three types of particleboard made of canary palm particles exceeded the requirements for grade P1 or higher (Figure 6 ). Panels made with washingtonia and date palm with particle sizes of 0.25-1 and 1-2 mm could be classified as grade P1. Boards made with canary palm with a particle size of 1-2 mm reached the grade P2. Washingtonia and date palm boards made with a particle size of 0.25-1 mm met the minimum values of MOR and IB of P2 but not the required MOE value. None of the particleboards achieved the grade P3, which requires a minimum MOE value of 2050 N/mm 2 .
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Thermal Conductivity
The average values of thermal conductivity ranged from 0.053 to 0.061 W/mK ( Figure 7 ). No significant dependence was observed between the particle sizes or palm species with thermal conductivity (Figure 8 ). 
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Discussion
Several authors have obtained particleboards made of palm rachis with an adhesive following a similar manufacturing process (Table 4) . Nemli et al. [8] manufactured boards from date palm using 33% of UF and applying 150 °C for 5 min in a hot press. They obtained boards with a density of 650 kg/ m 3 , a good MOR, and a low TS due to the high amount of adhesive used. The boards obtained by Ashori and Nourbakhsh [9] achieved a lower MOR and a higher density than the latter when using 9% of UF at 160 °C, but they accomplished better mechanical properties by increasing the amount of UF to 11%. Amirou et al. [13] studied the mechanical properties of boards from date palm manufactured at a higher temperature and pressing time (195 °C and 7.5 min), and 10% of PF. Their results showed a large increase in MOE, satisfactory values of MOR and IB, and a low TS value, probably due to the nature of the curing resin. Hegazy and Ahmed and Hegazi et al. [14, 15] studied the influence of density on the strength of panels produced with date palm fibers at 140 °C for 10 min and 160 °C for 8 min with the same resin dose. Better strength (MOR, MOE and IB) was achieved in both cases with higher densities. In addition, the mechanical properties achieved were greater with the increase in the pressing temperature. In general, the results of the present study, which used a lower pressing temperature, pressing time, and amount of resin were in accordance with those described above. 
Several authors have obtained particleboards made of palm rachis with an adhesive following a similar manufacturing process (Table 4) . Nemli et al. [8] manufactured boards from date palm using 33% of UF and applying 150 • C for 5 min in a hot press. They obtained boards with a density of 650 kg/m 3 , a good MOR, and a low TS due to the high amount of adhesive used. The boards obtained by Ashori and Nourbakhsh [9] achieved a lower MOR and a higher density than the latter when using 9% of UF at 160 • C, but they accomplished better mechanical properties by increasing the amount of UF to 11%. Amirou et al. [13] studied the mechanical properties of boards from date palm manufactured at a higher temperature and pressing time (195 • C and 7.5 min), and 10% of PF. Their results showed a large increase in MOE, satisfactory values of MOR and IB, and a low TS value, probably due to the nature of the curing resin. Hegazy and Ahmed and Hegazi et al. [14, 15] studied the influence of density on the strength of panels produced with date palm fibers at 140 • C for 10 min and 160 • C for 8 min with the same resin dose. Better strength (MOR, MOE and IB) was achieved in both cases with higher densities. In addition, the mechanical properties achieved were greater with the increase in the pressing temperature. In general, the results of the present study, which used a lower pressing temperature, pressing time, and amount of resin were in accordance with those described above.
Regarding the palm species, several studies have been made with canary palm. Ferrandez-Garcia et al. [22] obtained binderless boards with poor mechanical properties and a high TS value. Garcia-Ortuño et al. [19] substituted the UF with 10% of starch and longer pressing times. They obtained panels with a high density and with a good MOR and IB. These results are similar to the values obtained in the present work.
Ferrandez-Garcia et al. [18] made boards from the rachis of washingtonia palm using a pressing temperature of 120 • C for 6 min. They obtained better values of MOR and MOE, and similar but lower values of IB and TS than the present study just by lowering the temperature by 10 • C and increasing the pressing time by 1 min.
In general, using a higher processing temperature and a higher density resulted in the improved mechanical behavior of the particleboard, nevertheless, the best performance was obtained with pressing times between 5 and 7.5 min. The addition of higher amounts of UF was found to improve the mechanical properties and to reduce the TS, however, regulation limits must be taken into account due to the harmful effects of UF on human health. Particleboards with good mechanical properties were produced using pressing temperatures between 120 and 140 • C. Industrial companies in Spain traditionally employ pine wood particles (Pinus radiata D. Dom) and other sawmill leftovers in the manufacturing of commercial particleboard. The standard process uses a higher pressing temperature and amount of UF [47, 48] , resulting in single-layer panels that have a similar MOR but higher MOE than those obtained in this study (Table 5) . A different study [49] that used a hard wood such as eucalyptus (Eucalyptus urophylla S.T. Blake), manufactured particleboards that achieved a greater MOR but had a thickness of 17 mm. Wood has always been considered a building material with good insulation properties. For comparison purposes, the thermal conductivity of some woods with a similar density to that of the particleboard in the present study is shown in Table 6 . The experimental particleboard has lower thermal conductivity values than those made from wood. In terms of thermal conductivity, the results suggested the possibility of using these particleboards as thermal insulation materials, since they had better thermal properties than commonly-used woods with similar densities.
In the literature, some authors have investigated the thermal conductivity of particleboards using fibers from the rachis of palm species. The results of such tests are in accordance with the values achieved in this study ( Table 7 ). The board density and palm species did not have a relevant effect on their thermal insulating capacity. The composites shown in the table had the least insulation capacity, as cement and gypsum are not good insulators. The results showed that the physical and mechanical properties of particleboard in general were influenced by the palm species in addition to other parameters, such as the particle size, pressing temperature, pressure, pressing time, raw material, amount and type of adhesive used, particle moisture, and particleboard density. In the present study, the manufacturing variables were the palm species and the particle size. A statistical analysis was conducted in order to determine the dependence of the mechanical and physical properties of the experimental particleboards with respect to the variables of the study (Table 8) . With a significance of <0.05, the density, MOR, MOE, and WA depended on the particle size of the particleboard, whereas the MOR, MOE, IB, and TS depended on the palm species.
Conclusions
This study was focused on testing the mechanical, physical and thermal behavior of particleboard made of particles from the rachis of canary palm (Phoenix canariensis hort. ex Chabaud), date palm (Phoenix dactylifera L.) and washingtonia palm (Washingtonia robusta H. Wendl). Moreover, the influence of the particle size and the raw material (palm species) of the particleboard was also investigated.
It can be concluded that it is feasible to manufacture particleboard using palm rachis that will have similar properties to conventional wood particleboard using a low energy manufacturing process (short pressing time and low pressing temperature). This particleboard could replace the traditional raw materials used in construction, contributing to a reduction of the pressure on forest wood resources.
The particleboard made with canary palm rachis had better properties than the washingtonia and date palm rachis boards; therefore, it could be considered that it was the best raw material for the production of particleboard under the conditions tested in this study.
In terms of the particle size, the results showed that it affected some of the properties of the particleboard, namely the density, WA, MOR, and MOE. A particle size of 1 to 2 mm of canary palm and 0.25 to 1 mm of washingtonia and date palm achieved the best results. In general, smaller particles had better properties.
The TS, MOR, MOE and IB were found to be influenced by the palm species. Canary palm rachis particleboard of any particle size, and boards made of washingtonia and date palm with particle sizes of 0.25 to 1 mm, could be classified as P1 "General purpose boards for use in dry conditions". Canary palm rachis with particle sizes from 1 to 2 mm could be classified as type P2 "Boards for interior fitments (including furniture) for use in dry conditions".
The particleboard manufactured can be considered a good insulating material. The thermal conductivity did not depend on the particle size or the palm species.
The use of the pruning waste of palm trees to produce durable materials such as particleboard could be beneficial to the environment since it is a method of carbon fixation, helping to decrease atmospheric pollution and reducing the amount of waste that ends in dumping sites. 
